Pneumococcal meningitis is the most frequent and critical type of bacterial meningitis. As cytokines play an important role in the pathogenesis of bacterial meningitis, we examined whether functional polymorphisms of the pro-inflammatory cytokine macrophage migration inhibitory factor (MIF) were associated with morbidity and mortality of pneumococcal 
Introduction
Acute community-acquired bacterial meningitis is a life-threatening disease associated with substantial morbidity and mortality and ranks among the top ten infectious causes of death (1) . Streptococcus pneumoniae (S. pneumoniae) is the most common cause of bacterial meningitis in adults of all-age groups, accounting for 50% to 70% of cases in developed countries (2) . Pneumococcal meningitis is associated with a mortality ranging from 19% to 37% (3, 4) . Neurological sequelae such as hearing loss, focal deficits, motor and cognitive impairments significantly affect the quality of life of survivors (5-7).
Predisposing factors for pneumococcal meningitis include pneumonia, otitis, sinusitis, cerebrospinal fluid leaks, splenectomy or asplenic states, debilitating conditions (i.e.
alcoholism, cirrhosis, diabetes and cancer) and primary or acquired immune deficiencies (i.e. multiple myeloma, hypogammaglobulinemia, sickle cell anemia, HIV/AIDS and the use of immunosuppressive agents). Genetic studies of extreme phenotypes have revealed that patients with single-gene inborn errors in MyD88, IRAK4 and NEMO affecting the activation of the canonical TLR and IL-1R signaling pathways or in complement factor two are prone to pneumococcal diseases (8, 9). In addition, case-control candidate gene studies identified polymorphisms of genes associated either with increased susceptibility (MBL2, PTPN22) to or with protection (TIRAP, NFKBIA, NFKBIE) from pneumococcal disease (2, 8, 9 ). The increased susceptibility was related to reduced concentrations of the mannose binding lectin (variants of MBL2) or to an increased activity of the PTPN22 phosphatase (variants of PTPN22) (10, 11). The protection afforded by the polymorphic TIRAP variant is mediated by an attenuation of TLR2 signal transduction due to a defective recruitment of the TIRAP variant to TLR2 (12) . The functional effects of the polymorphisms of the NFKBIA and NFKBIE genes coding for the inhibitors of NF-κB (IκB) are unknown (13) . 4 Cytokines are critical effector molecules of the immune system and play a central role in the orchestration of host defenses against infection. Up until now no polymorphism of cytokine genes (including TNF, IL6, IL10 and LTA) has been associated with susceptibility to and outcome of invasive pneumococcal infection (2) . Within this large family of mediators, macrophage migration inhibitory factor (MIF) occupies a special place (14, 15) . Unrelated to classical cytokine families (tumor necrosis factor, chemokines, Table 2 ). The association between the -173 C or CATT 7 high MIF expression allelic variants and death was also significant using an additive mode of inheritance ( Figure 1 Figure 1) .
S. pneumoniae induces MIF production in whole blood and MIF promoter activity in THP-1 monocytes. Given that MIF polymorphisms and MIF levels in the CSF were associated with morbidity and mortality of pneumococcal meningitis, we examined whether S. pneumoniae up-regulated blood levels of MIF and whether polymorphic MIF alleles affected the transcriptional activity of the MIF promoter. S. pneumoniae induced a strong and dose-dependent up-regulation of MIF production in human whole blood ( Figure   2A ). After 24 hours, the median concentrations of MIF in cell culture supernatants Carriage of the low-expression MIF allele (CATT 5 ) protected children from meningococcemia (33), but it predisposed older adults to Gram-negative bacteremia (34).
Notwithstanding the possibility that the impact of MIF polymorphisms may vary according to the age of the host, the site of infections and the type of microorganism, it also is possible that confounding factors (such as selection biases, ambiguous phenotypes, patient and pathogen heterogeneity and lack of power) account for these discrepant findings (2, 35, 36) . To minimize the influence of potential confounders, we elected to conduct our study in a large and homogeneous cohort of patients with community-acquired bacterial meningitis caused by a single pathogen (S. pneumoniae). One of the strengths of the study was the use of a well-defined phenotype. Working with a nationwide cohort also protected against the potential risk of single center biases. The choice of controls (patient's partners or proxies) limited the risk of socio-economic and environmental mismatching.
Power calculations indicated that the study had 80% power to detect odds ratios in the range of 1.5 to 3.0 for the main study endpoints.
The study has also some limitations. Altogether, the present study provides strong evidence that carriage of high expression MIF alleles is a genetic marker of morbidity and mortality of pneumococcal meningitis and also suggests a potential role for MIF as a target of immune modulating adjunctive therapies for bacterial meningitis and sepsis. and laboratory data were obtained from all patients. Outcome was evaluated at discharge according to the Glasgow Outcome Scale (GOS) with the following scoring system: score of 1 for death, score of 2 for persistent vegetative state, score of 3 for severe disability defined as a conscious patient who is dependent for daily activities, score of 4 for moderate disability defined as a patient with some deficits, capable of living independently but unable to return to work, score of 5 for a good recovery (56). A favorable outcome was defined as a score of 5 and an unfavorable outcome as a score of 1 to 4. A CSF leukocyte count below 1000 per mm 3 was used as an indicator of disease's severity (57).
Materials and Methods

Bacteria
Blood collection and genotyping. Blood from patients and controls was collected in sodium EDTA. DNA extraction was performed by the Gentra Puregene isolation kit (Qiagen, Hilden, Germany) with quality control evaluation for DNA yield and purity. The -794 CATT 5-8 microsatellite (rs5844572) and the -173 G/C SNP (rs755622) were genotyped as reported previously (33). Given the frequencies of the -173 C minor allele and of the CATT 7 allele in the Caucasian population, the study had 80% power to detect odds ratios (OR) of at least 1.5 for the susceptibility to infection, 1.9 for an unfavorable outcome and 3.0 for mortality for these two alleles. These numbers were calculated using the Quanto pneumoniae in anesthetized mice. Survival was monitored at least twice daily until the end of the experiment. In selected experiments, mice were sacrificed 48 hours after infection to obtain blood and lung tissue for the measurements of bacterial counts.
Statistical analyses. Graphs were generated with GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Data were analyzed using STATA version 11.1 (StataCorp LP, College Station, Texas, USA) and IBM SPSS Statistics 21.0 (IBM, Armonk, NY, USA).
Genotype frequencies among patients and controls and Hardy-Weinberg equilibrium (HWE) were calculated using the chi square test. Tests for associations between MIF genotypes and susceptibility to and severity of pneumococcal meningitis were performed using logistic regression models. Stepwise multivariate selection was performed using a P value greater than 0.2 for removal of variables in the model. Sex, age and polymorphism carriage were forced into the model. Polymorphisms were analyzed using dominant (comparison of heterozygotes plus homozygotes versus wild-type carriers) and additive modes of inheritance (assessment of the effect of each additional copy of the minor allele).
Strength of relationships between CSF levels and continuous variables was evaluated using Spearman's correlation tests. Dichotomous variables were compared with the chi square test. Continuous variable for patient's characteristics and disease parameters were assessed using Mann-Whitney U or Kruskall-Wallis tests. MIF promoter activity and concentrations of MIF released in whole blood after stimulation with S. pneumoniae were analyzed using one-way ANOVA for multiple comparisons. The log-rank test was used to compare the Kaplan-Meier survival curves. All tests were two-tailed and P values less than 0.05 were considered to indicate statistical significance. 
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